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The electronic structure of methylammonium lead bromide (CH 3 NH 3 PbBr 3 ) single crystals has been investigated through a combination of resonant photoemission and theoretical modeling. There are Pb spectral contributions throughout the valence band. Importantly, the electronic structure at the top of the valence band is found to be dominated by the hybridized Pb-Br bands, not methylammonium bromide. The results line up with the partial density of states obtained from density functional theory and confirm that much of the valence band has some Pb spectral weight. Published by AIP Publishing. https://doi.org/10.1063/1.5024527
The past few years have been witness to a series of major breakthroughs in the field of hybrid organo-lead perovskites, specifically the methyl ammonium lead trihalide perovskites MAPbX 3 (MA ¼ CH 3 NH 3 , X ¼ Cl, Br, I), as illustrated in Fig. 1 . This intense attention is partly the result of better electronic properties exhibited by the single crystal materials, ranging from low defect state densities and long carrier diffusion lengths to high carrier mobilities coupled with the ease of solution processibility. [1] [2] [3] [4] Since the first demonstration of perovskite-based photovoltaics in 2009, highly efficient solar cells have been reported with certified power conversion efficiencies (PCE) breaching 22%. 5 Significant inroads are, as well, being made toward achieving long-term stability. 6 Parallel efforts have been made at demonstrating light emission, 7 photodetection 8 and lasing applications of hybrid perovskites. 9 There exist band structure calculations, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] valence band photoemission, 12, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] and combined photoemission and inverse photoemission studies, 26, 28, 37 aimed at elucidating the interfacial electronic band structure of the hybrid methyl ammonium-lead halide perovskites, MAPbX 3 . Despite these attempts, however, the nature of lead (Pb) hybridization across the valence band remains poorly understood. This is important because the electronic structure at the top of the valence band plays a central role in photo-excitation and carrier transport, and an understanding of the region in the vicinity of the valence band maximum is important to the optoelectronic properties. Here, we have combined resonant photoemission spectroscopy and density functional theory (DFT) calculations to uncover the spectral contributions to valence band electronic structure of MAPbBr 3 single crystals.
The crystals were synthesized using an antisolvent vapor-triggered crystallization approach reported elsewhere. Authors to whom correspondence should be addressed: pdowben1@ unl.edu, aram.amassian@kaust.edu.sa, and katsievk@sabic.com
We have chosen the MAPbBr 3 perovskite single crystals over the other types, since the stability of these crystals has been demonstrated in the ambient, 38 while methylammonium lead triiodide (MAPbI 3 ) crystals are known to degrade in ambient conditions. 39 The crystals were ca. 5 mm Â 3 mm Â 2 mm in dimensions.
To obtain detailed information on the states at the top of the valence band, we employed synchrotron-based photon energy-dependent photoemission spectroscopy. The studies were carried out at the photoemission end station of the plane grating mirror (PGM) beamline at Canadian Light Source, Inc., equipped with a Scienta SES100 hemispherical electron energy analyzer, with a total energy resolution of 50 meV. All the spectra were collected at normal emission and room temperature from MAPbBr 3 (001) single crystals. Photon energies were tunable in the range of a few eV to a few-hundred eV. Spectra were calibrated using the Fermi edge of a sputter-cleaned Cu sample. The spot size of the photon beam was on the order of microns. . These states are close, in binding energy, to the top of the valence band which is seen to be at a binding energy of 1.8 eV, as measured at the Brillouin zone edge in a recent experimental band structure. 26 Since the surface termination of MAPbBr 3 (001) is MABr, 25 these states observed in photoemission are consistent with bulk band states of the associated calculated band structure. 25, 26 Experimental verification of the bulk band structure character at the top of the valence band would require mapping the photon energy dependence of the valence band at the surface Brillouin zone edge high symmetry point M, 26 which was not done here. Such measurements would establish the presence or absence of dispersion in k ? (the presence or absence of conservation of 2-dimensionality of state), although it is clear that the top of the valence at M does not fall into a gap of the projected bulk band density of states. 26 Such dispersion, in k ? at the surface Brillouin zone edge, but with wave vector along the surface normal, i.e., a photon energy dependent study, using angle resolved photoemission, was performed for methylammonium lead iodide (CH 3 NH 3 PbI 3 ) single crystals, 32 establishing the bulk band character of the top of the valence band. For peak fitting, we used a Shirley background, with subsequent background subtraction. The valence band spectral features [ Fig. 1(b) ] were fitted with Gaussians as follows: a peak at a binding energy of 2.3 eV (E F -E) with a full width at half maximum (FWHM) of 0.66 eV; a peak at 2.8 eV with a FWHM 0.58 eV; a peak at 3.9 eV with a FWHM 1.16 eV; a peak at 5.5 eV with a FWHM 2.25 eV; a peak at 8.1 eV with a FWHM 2.33 eV; and a peak at 10 eV with a FWHM 2.16 eV.
To experimentally determine the lead spectral weight contributions to the valence band, especially near the top of the valence band, we employed an approach based on resonant photoemission enhancement of the partially-occupied valence Pb 6p levels. Resonant photoemission involves the resonance photoemission enhancement of the valence band by one of the shallow core levels of the system under study, [40] [41] [42] [43] respectively, and results in the same final state. 43 The resonance enhancement in photoemission yields direct insights into elemental spectral contributions to a specific valence state and/or top-most valence band features of the material.
A 2D map of the resonant photoemission intensity for the valence band spectral features, in the binding energy region 0-5 eV, was acquired as a function of the photon energy (h ¼ 14-35 eV) and is shown in Fig. 2(a) . The partial density of states (PDOS) intensity profile of the spectral features located around ca. 2.25 eV binding energy [indicated by vertical blue line in Fig. 2(a) ] reveals the resonant enhancement at the photon energies of 22 eV and 24.5 eV [ Fig. 2(b) ]. These photon energies for the peak resonant photoemission occur at the Pb 5d 5/2 and 5d 3/2 shallow core level thresholds at binding energies of 19.8 eV and 22.4 eV, respectively, as plotted in Fig. 3 , plus the band gap of 2.3 eV, 11, 26, [44] [45] [46] [47] [48] as expected. Thus, we attribute the resonant enhancement to photoemission resonant transition from Pb 5d to a partially unoccupied Pb 6p states, in the conduction band, and indicates a Pb contribution to most of the valence band, including the region near the top of the valence band. This type of resonant photoemission enhancement, of almost the entire valence band, has been seen for other perovskites, including the manganese perovskites. [40] [41] [42] [43] The very strong resonant enhancement seen here, in the photoemission as a function of photon energy, is also characteristic of a nonmetallic system, 43 and indeed is expected as MAPbBr 3 is a semiconductor, although metallic lead surface segregation can be a problem. 26, 30, 31, 35 Several theoretical [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and experimental 26, 32 papers have the dispersion near the top of the valence band to be in the region of 1 eV or less, and the dispersion of the heavy mass Pb 5p-Br 4p bands (at a binding energy of 4 eV) to be in the region of several hundred meV or less. Thus, the results of Fig. 2(a) are not the result of bulk band dispersion, with changing photon energy.
To further confirm the spectral contributions to the states at the top of the valence band, we calculated the electronic band structure of MAPbBr 3 using density functional theory (DFT). We employed the projected augmented wave (PAW) method for the electron-ion potential, 49 the generalized gradient approximation (GGA) for exchange-correlation potential, 50 and relativistic corrections including spin-orbit coupling as implemented in Vienna ab-initio simulation package (VASP). 51, 52 The calculations were carried out using a 640 eV kinetic energy cutoff and 12 Â 12 Â 12 kpoint mesh. We fully relaxed the ionic coordinates with the force convergence limit of 0.001 eV/atom. The theoretical lattice constant of 5.96 Å was used, and we maintained cubic lattice symmetry in the calculations. In GGA, it is well known that band gap is underestimated, and as a result we have shifted the conduction band by 1.37 eV to better match the experimental band gap of 2.33 eV. 53 The calculated partial density of states (PDOS) of a cubic MAPbBr 3 crystal [ Fig. 1(a) ] has been plotted in Fig. 4 . We have used the tetrahedral method to calculate the partial density of states; therefore, Fig. 4 has no smearing included. The majority of the valence band is dominated by Br-p orbitals while the conduction band is dominated by Pb-p orbitals. 26 The top of the valence band, however, has almost equivalent contributions from Pb-s and Br-p orbitals, 26, 27 as applicable to a single Pb-Br layer. The MA-Br layer should dominate the photoemission as this would be the surface 36 have the top of the valence band dominated almost exclusively by Br spectral weight, which results from the fairly heavy overall Br spectral weight contributions, but does not correct for the surface sensitivity of photoemission. The occupied states corresponding to the CH 3 NH 3 molecule lie far below the valence band maximum. Due to the large contribution of Pb-p orbitals in the conduction band, spinorbit coupling mainly affects the conduction band. There are two states that appear in the calculated PDOS, ca. 0.5 and 1 eV below the valence band maximum, or 2.8 eV and 3.4 eV below the conduction band edge. If the valence band maximum is placed at a binding energy of 1.8 eV, as indicated by prior work on MAPbBr 3 , 26 then in experiment, these features near the top of the valence band in the PDOS (inset of Fig.  4 ) would appear at 2.3 eV and 2.8 eV. This is very close to what is observed in photoemission (2.3 eV and 2.8 eV), as seen in Fig. 2 .
In summary, we have explored the electronic structure of MAPbBr 3 single crystals in the vicinity of the valence band maximum, using a combination of resonant photoemission spectroscopy and density functional theory. Our studies suggest that the top of the valence band of these hybrid perovskites has spectral contributions from both Pb and Br and is dominated by Pb-Br hybridized bands. Based on other studies, 26 ,32 these bands are not surface state bands, rather contain strong bulk character.
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